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Abstract 
The preparation, testing, and evaluation of the qualification phase for the 
Applications Technology Satellite apogee rocket motor are documented. A total 
of eight apogee motor assemblies were tested under simulated altitude conditions 
at the Arnold Engineering Development Center, Tullahoma, Tennessee, during 
July and August 1966. All units were tested while spinning at 100 rev/mm. Four 
units were tested at each test temperature of 40 and 100°F. On December 7, 
1966, the first flight firing of the apogee unit placed the ATS-B satellite into a 
near-synchronous, equatorial orbit. 
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Qualification Phase for the Applications Technology
Satellite Apogee Rocket Motor 
I. Introduction 
In January 1963, a program was initiated by the Jet 
Propulsion Laboratory to provide a solid-propellant 
apogee motor for the advanced Syncom satellite. This 
satellite, being produced by Hughes Aircraft Company 
under the management of the NASA Goddard Space 
Flight Center (GSFC), was designed to operate at a syn-
chronous altitude and to serve a communications function 
for voice, teletype, and television. 
The advanced Syncom program was expanded in Jan-
uary 1964 to include experimental instrumentation for 
meteorology, communications, radiation, navigation, grav-
ity gradient stabilization, and various engineering experi-
ments. This redirected program was designated the 
Applications Technology Satellite (ATS). 
The Jet Propulsion Laboratory was assigned responsi-
bility for the design and fabrication of the solid-
propellant apogee motor (Fig. 1), which on firing, 
provides the necessary impulse to achieve synchronous 
orbit of the ATS satellite.
JPL has completed the development and qualification 
of the ATS apogee motor. Final motor verification and 
motor performance parameters were established by con-
ducting a formal eight-motor qualification program at 
Fig. 1. ATS rocket motor (artist's conception) 
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Fig. 2. Synchronous-altitude spin-stabilized spacecraft 
2	 JPL TECHNICAL MEMORANDUM 33-339
the Arnold Engineering Development Center (AEDC) in 
Tullahoma, Tennessee. This report describes and pre-
sents the results of this formal qualification program, 
which was conducted during July and August 1966. 
The first ATS flight, designated ATS-B, was launched 
December 6, 1966, from Cape Kennedy by an Atlas! 
Agena D launch vehicle into an elliptical transfer orbit. 
As the spacecraft reached its second apogee position, the 
JPL-built apogee unit ignited and produced the required 
impulse to transfer the spacecraft into its circular, syn-
chronous, equatorial orbit. The spacecraft is presently on 
station above Christmas Island in the Central Pacific. All 
satellite components and experiments are functioning as 
planned. Figure 2 shows the ATS satellite configuration. 
II. Description of Qualification Program 
The formal qualification phase of the ATS apogee unit 
consisted of the following major items: 
(1) The use of flight acceptable hardware components. 
(2) The processing of all components to tested and 
finalized procedures. 
(3) Propellant ingredients from the same lots of ma-
terials that the first three flight units will use. 
(4) The mixing, casting, and curing of propellant to 
finalized procedures. 
(5) Ballistic confirmation of the propellant by the JPL 
batch-check procedure (Ref. 1). 
(6) The confirmation of grain integrity by visual, X-ray, 
and ultrasonic inspections. 
(7) All loaded units were subjected to test environ-
menfs of temperature cycle, booster acceleration, 
and booster vibration after which they were again 
visually, X-ray, and ultrasonically inspected for 
integrity. 
(8) Center-of-gravity, moment-of-inertia, and hardware 
alignment determinations were made. 
(9) The units were packaged and shipped (by estab-
lished procedures) for static testing at AEDC. 
(10) Critical visual and X-ray inspection of all units 
upon receipt at AEDC. 
(11) Weight determinations on assembled units. 
(12) Temperature conditioning of units at 40 and 100'F.
(13) The static testing of eight units under simulated 
altitude, temperature-controlled (40 and 100°F), 
and spin (100 rev/mm) conditions. 
(14) The acquisition of thrust, pressure, temperature, 
and time data during and immediately after the 
motor firing. 
(15) A visual inspection and weight determination for 
all fired units. 
(16) An internal inspection of one unit (Q-8T) for in-
sulation integrity. 
(17) The packaging and return of fired units to JPL. 
(18) Weight, center-of-gravity, moment-of-inertia, and 
alignment determination on the expended units. 
(19) Reduction and evaluation of all data. 
A total of eight apogee units were employed for this 
phase of the program. Four motors were fired at each test 
temperature of 40 and 100°F. All units functioned with 
no observed anomalies. Additional details on motor hard-
ware, test environments, instrumentation, test operations, 
and test results are discussed in this report. 
III. Motor Hardware 
The apogee motor configuration, used for qualification 
and identical to flight support units, is shown in Figure 3. 
This unit consists of a titanium motor chamber, chamber 
insulation, a partially submerged nozzle, propellant, and 
a head-end igniter and safe/arm assembly. The complete 
unit weighs approximately 841 lb and has a maximum 
diameter of 28.2 in. with an overall length of 54.6 in. The 
following parts of this section give a brief description of 
each motor component. 
A. Chamber 
The motor chamber, constructed of titanium 
(Ti-6A1-4V), consists of two half-shells and a head-end 
mounting ring which is used to attach the apogee unit 
to the spacecraft structure. Each half'shell consists of a 
2:1 ellipsoidal dome with a cylindrical skirt, thus requir-
ing only one girth weld for joining. At the apex of each 
dome are integral bosses for the igniter and nozzle assem-
blies. The nominal dimensions of the chamber are 28 in. 
diameter by 29 in. long. The case has a burst pressure of 
approximately 420 psig and is proof-tested at 302 psig for 
5 mm. For a more detailed description of the motor 
chamber, see Ref. 2. 
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B. Nozzle 
The apogee motor nozzle is contoured, submerged, 
and has an expansion ratio of 35:1. The four-piece nozzle 
consists of an aluminum attachment ring, a high-density 
graphite throat insert, a tape-wrapped, carbon fabric 
throat section and a silica cloth, tape-wrapped exit cone. 
Details as to nozzle design, fabrication, and testing can 
be found in Ref. 3. 
C. Chamber Insulation 
The motor chamber is insulated using NBR Gen-Gard 
V-52. This material consists of butadiene-acrylonitrile 
rubber, silica, asbestos, a dehydrogenation catalyst, a 
plasticizer, curatives, and an anti-oxidant. V-52 has been 
specifically formulated to withstand the environments of 
high temperature, up to 7000°F, and the erosive exhaust 
products of solid propellant motors. The insulation is
positioned in the motor case by a hand lay-up method 
and is vulcanized to the internal chamber wall by a heat 
and pressurization cure cycle. The insulation in the ellip-
tical chamber ends tapers from 0.200-in, at the openings 
to 0.080-in, at the cylindrical case section. The cylindrical 
section is covered by one layer of 0.030-in, insulation. A 
description of motor insulation and its use in the ATS 
apogee motor can be found in Ref. 4. 
D. Igniter Assembly 
The igniter assembly consists of a JPL igniter basket 
loaded with 19 ALCLO pellets and two ALCLO main 
grains, a safe/arm device supplied by Harry Diamond 
Laboratories (HDL), and two Hi-Shear PC-37 squibs. 
Figure 4 shows the physical relationship of igniter parts. 
In the arm position, the safe/arm device allows the two 
squibs to exhaust through passages and ignite the primary 
ALCLO charge of 19 pellets. 
WORM WHE EL 
AND PIN ASSEMBLY 
SWITCH,
GRAIN, ALCLO 
PIN, SPRI
BASKET ASSEMBLY 
STATOR BOARD (CABLE ASSEMBLY 
REMOVED FOR CLARITY)
Fig. 4. ATS igniter and safe/arm assembly (cutaway view) 
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The ignition of these pellets in turn ignites the two 
ALCLO main grains which then exhaust hot gases through 
holes in the expendable aluminum basket to ignite the 
main motor grain. In the safe position, the safe/arm 
device provides a mechanical block between the squibs 
and the primary charge. A detailed description of the 
JPL ignition system is given in Ref. 5. 
E. Propellant 
The ATS apogee motor propellant, JPL 540, is a com-
posite polyurethane fuel binder, ammonium perchiorate 
oxidizer, and aluminum fuel additive system. The pro-
pellant is mixed and cast under a pressure of 5 mm of Hg 
or less. The ATS unit is cured at 140°F for 5 days. The 
detailed description and characterization of this propel-
lant are given in Ref. 6. 
IV. Prefire Environmental Tests and Motor 
Operations 
Throughout the apogee motor development program, 
loaded motors were subjected to various test environ-
ments which the apogee unit is expected to experience 
in actual flight. In almost all cases, the test environment 
levels were more severe than the predicted, actual en-
vironments. Before the static firing of the qualification 
motors at AEDC, each loaded unit was subjected to the 
following test environments. 
A. Temperature Cycle 
This environment verifies that the apogee unit is capa-
ble of withstanding temperature conditioning over a 
range of 10 to 110'F. PeriOds of temperature exposure 
are 72 h at each extreme. This time period allows the 
complete unit (including grain) to stabilize at the con-
ditioning temperature. The following two temperature 
cycles were used during this environmental test phase: 
Cycle A Cycle B 
Time, h Temperature, Time, h Temperature, O F OF 
72 110 72 10 
72 10 72 110 
72 110 72 10 
48 60 48 60 
B. Booster Acceleration 
Booster acceleration testing confirms that the apogee 
motor assembly is adequately designed and manufac-
tured to withstand the flight static acceleration loads 
associated with the Atlas/A gena launch phase and the 
apogee motor firing phase. Acceleration tests were con-
ducted on a centrifuge located at the Component Evalu-
ation Laboratories, Rialto, California. A special motor 
mounting fixture attached at the end of the centrifuge 
boom allowed the motor to be tested at the three test 
positions. The test setup is pictured in Fig. 5. Table 1 
indicates the acceleration levels to which all motors were 
subjected. 
C. Booster Vibration 
The booster vibration environment was prescribed to 
simulate the predicted inputs of the Atlas/A gena booster 
system, but to exceed the actual values. Vibration tests 
were conducted at JPL's Edwards Test Station (ETS) 
using a remotely operated vibration facility. 
Table 1. ATS apogee motor schedule of static acceleration testing 
Acceleration
Centrifuge, Distance 
Test position Level, Duration, Attachment from rev/mm 
g min point centrifuge 
axis, in. 
Lateral (nozzle up) 2.3 10 Motor axis 216.0 19.3 
Axial tension (nozzle out) 12.0 10 Chamber attachment skirt plane 205.2 45.4 
Axial compression (nozzle in) 12.0 10 Chamber attachment skirt plane 226.9 43.2
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	The vibration specification presented in Table 2 gives
	 deleted because the shaker used for the vibration tests 
	
the required input levels at the motor-spacecraft attach-
	 could not handle the weight of the loaded ATS motor in 
	
ment plane. The 5- to 15-Hz frequency range has been
	 that frequency range. 
Fig. 5. ATS motor centrifuge test
Table 2. Required vibration inputs for ATS apogee motor 
Frequency Parallel to thrust Perpendicular to thrust 
Condition
range, Hz Magnitude (1.5 x expected) axis, g peak axis, g peak 
Sinusoidal 
4.35	 min	 logarithmic	 sweep	 at	 2 5-15 - 1/4-in. double amplitude /4 in, double amplitude 
octaves/mm	 from	 5-2000	 Hz 15-250 - 3 3 
along thrust axis and 2 ortho- 250-400 - 5 5 
ganol axes
400-2000 - 7.5 75 
6 min along each of 2 orthogonal 20-80 0.049 , /Hz 
axes in attachment	 plane 80-1280 Increasing	 from	 0.04 92 /Hz	 to 
0.07 g2 /Hz at 0.61 dB/octove 
1280-2000 0.7 g/Hz 
Random 
6 min along thrust axis 20-1000 0.1 g2/Hz
JPL TECHNICAL MEMORANDUM 33-339 
I 
Fig. 6. ATS vibration test: lateral mode
/ 
Fig. 7. ATS vibration test: axial mode 
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The inputs to the shaker are controlled b y a servo sys-
tem, which, during the sinusoidal part of the test, uses 
the quadratic mean of two control accelerometer signals. 
During the random noise portion of the test, only one 
control accelerometer output is used to control the shaker. 
The control accelerometers are located in the motor-
spacecraft attachment plane to simulate, as closely as 
possible, the inputs of flight conditions. 
Figure 6 shows the installation of the motor in the 
lateral test mode. The accelerometers are mounted to 
the test article with \licarta blocks that are then 
cemented to the motor. The blocks are located in speci-
fied positions on the motor; the shaker is rotated to a 
horizontal position for the lateral test mode and con-
nected to a slider plate that rides a granite block. An oil 
film is maintained between the slider plate and the 
granite block to reduce sliding friction. For the axial test 
mode, the shaker is rotated to a vertical position; the 
motor, with adapting fixture, is mounted on top of the 
shaker (Fig. 7). 
V. Motor Physical Parameters 
A. Center of Gravity 
For all qualification motors, prefire center of gravity 
(CG) determinations were made. Each unit was set in a 
cradle (Fig. 8), and the weight component reaction, 
which was transmitted through a knife-edge support, 
was measured by a platform scale. The motor was then 
rotated 180 deg in the cradle, and the weight component 
reaction at the nozzle-end was measured. This method 
was used to calculate the CG from either end of the motor. 
Following the tests at AEDC, postfire CC measurements 
were performed on several motors. The results of these 
measurements are given in Table 3. 
B. Moment of Inertia 
A bifilar pendulum method is used to determine the 
moment of inertia (MOl) of the motor in the loaded and 
empty configurations. Fired qualification units were used 
to determine the motor's postfire MOl. These data are 
required for spacecraft spin stabilization analysis. The 
bifilar pendulum method uses two 14-ft rods to suspend 
the motor during MOl tests. To calculate the MOl, 
weight component reactions are taken at each suspension 
point by load cells, and the period of oscillation is mea-
sured while the motor is suspended by the two rods. 
Figure 9 shows a typical MOl determination test. The 
results of the MOl tests are given in Table 3.
Fig. 8. ATS center-of-gravity fixture 
Fir	 IV 
Fig. 9. ATS moment-of-inertia fixture 
C. Thrust Alignment and Offset 
Because of spacecraft attitude control requirements, 
the thrust vector of any rocket on board must be rigidly 
defined. Consequently, in the case of the ATS spacecraft 
and apogee motor, it was decided to design the thrust 
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Table 3. Summary of motor assembly component weight and measurement data for qualification phase of ATS

apogee motor 
Data 0-1T 0-2T 0-3T 04T 0-5T 0-6T 0-71 0-8T 
Assignment 
Chamber T-7 1-8 T-9 1-10 1-11 1-12 1-13 1-14 
Nozzle P.31 F34 F-38 F-44 F-32 F-41 F-43 F-39 
Igniter basket 72 89 81 87 85 76 67 94 
Safe/arm assembly 11 13 14 15 18 17 10 16 
Weight Data 
Chamber, lb 23.88 24.39 24.15 24.42 24.73 24.57 24.50 24.12 
Insulation, lb 12.37 12.18 12.40 12.42 12.39 12.57 12.35 12.50 
Balance weight, forward (chamber), g 19.4 42.9 18.1 48.6 33.4 21.5 17.8 N.R. 
Balance weight, oft (nozzle), g 73.7 88.3 79.2 44.2 45.0 52.4 47.9 N. R. 
TDI, lb 0.39 0.35 0.36 0.34 0.44 0.38 0.34 0.41 
Chamber assembly, prefire, lb 36.65 36.98 36.91 37.28 37.66 37.60 37.75 37.34 
Chamber assembly, postfire, lb 33.44 33.49 33.55 33.80 34.35 34.10 34.03 33.63 
Chamber assembly, lost, lb 3.21 3.49 3.36 3.48 3.31 3.50 3.22 3.71 
Nozzle assembly, prefire, lb 38.29 38.36 38.63 38.00 38.92 37.01 38.28 38.32 
Nozzle assembly, postfire, lb 33.63 33.82 34.16 33.60 34.96 32.21 33.35 33.85 
Nozzle assembly, lost, lb 4.66 4.54 4.47 4.40 3.96 4.80 4.93 4.47 
Propellant, lb 759.2 759.7 760.8 760.0 758.9 759.5 759.4 760.0 
Miscellaneous, lb 0.39 0.39 0.39 0.39 0.39 0.39 0.39 0.39 
Igniter basket, lb 1.01 1.01 1.01 1.01 1.01 1.01 1.01 1.01 
Safe/arm assembly, lb 5.11 5.10 5.06 5.03 5.02 5.01 5.01 5.06 
Ignition assembly, prefire, lb 6.11 6.10 6.07 6.04 6.02 6.02 6.01 6.09 
Ignition assembly, postfire, lb 5.05 5.02 5.03 4.94 4.98 4.94 4.96 5.03 
Ignition assembly, lost, lb 1.06 1.08 1.04 1.10 1.04 1.08 1.05 1.06 
Motor assembly, prefire, lb 834.5 835.5 836.7 835.7 836.1 834.7 835.4 836.0 
Motor assembly, postfire, lb 67.5 67.7 68.1 67.8 69.7 66.7 67.8 67.9 
Motor assembly, lost, lb 767.0 767.8 768.6 767.9 766.4 768.0 767.6 768.1 
Total weight expended, lb 768.1 768.9 769.6 769.0 767.4 769.1 768.7 769.2 
Inert weight expended, lb 8.93 9.11 8.87 8.98 8.53 9.38 9.20 9.24 
Measurement Data 
Thrust misalignment, prefire, in./in. 0.00001 0.00005 0.00009 0.00005 0.00002 0.00004 0.00002 0.00005 
Thrust misalignment, postfire, in./in. 0.0005 0.0002 0.0002 0.0006 N. R. 0.0003 0.0004 N.R. 
Thrust offset, prefire, in. 0.0006 0.0017 0.0022 0.0001 0.0004 0.0008 0.0011 0.0009 
Thrust offset, postfire, in. 0.013 0.003 0.004 0.014 N.R. 0.007 0.008 N.R. 
Center of gravity, prefire, in. 11.53 11.53 11.54 11.52 11.55 11.50 11.53 N.R. 
Center of gravity, postfire, in. 21.4 N. R. N.R. N. R. N.R. 20.9 21.1 N.R. 
Pitch moment of inertia, prefire, lb/in. 2 101,000 103,000 101,000 98,800 101,000 101,000 101,000 N.R. 
Pitch moment of inertia, postfire, lb/in. 2 17,000 N.R. N.R. N.R. N.R. 17,000 17,000 N. R. 
Roll moment of inertia, prefire, lb/in. 2 82,000 84,000 84,000 84,000 83,000 84,000 84,000 N.R. 
Roll moment of inertia, postfire, lb/in. 2 8,000 N.R. N. R. N.R. N.R. 8,000 8,000 N. R. 
Static imbalance, prefire inerts, lb/in. 0.3 0.2 0.2 0.1 0.1 0.1 0.2 N.R. 
Static imbalance, postfire inerts, lb/in. 2.1 N.R. N. R. N.R. N.R. 1.5 1.2 N.R. 
Dynamic imbalance, prefire inerts, lb/in. 2 4.0 5.0 5.0 3.0 4.0 2.0 4.0 N.R. 
Dynamic imbalance, postfire inerts, lb/in. 2 29.8 N.R. N.R. N.R. N.R. 12.4 16.9 N.R. 
Nozzle throat diameter, prefire, in. 4.083 4.082 4.083 4.085 4.083 4.084 4.083 4.083 
Nozzle throat diameter, postfire, in. 4.112 4.116 4.112 4.117 4.112 4.125 4.112 4.117
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Table 3. (contd) 
Data 0-11T 0-2T 0-31 04T 0-5T 0-6T 0-7T 0-81 
Measurement Data (contd) 
Nozzle throat erosion, % 1.43 1.67 1.43 1.58 1.43 2.02 1.43 1.67 
Nozzle exit dia, prefire, in. 24.140 24.135 24.137 24.139 24.135 24.138 24.134 24.136 
Motor assembly leak check, psi 6.7 5.5 5.2 4.8 6.3 1.8 7.0 6.0 
Propellant batch number SY-283 SY-284 SY-285 SY-286 SY-287 SY-288 SY-289 SY-290 
Propellant tensile strength, psi 143 149 157 153 129 126 132 125 
Propellant elongation, % 105 130 111 103 91 79 77 80 
Propellant density, lb/in.8 0.06245 0.06243 0.06249 0.06248 0.06250 0.06250 0.6246 0.06245 
Propellant formulation JPL-540K JPL-540K JPL-540K JPL-540K JPL-540N JPL-540N JPL-540N JPL-540N 
Note	 1.	 Postfire center of gravity,	 moment of inertia, and imbalance measurements taken with 3 lb of loose insulation removed from motor assembly. 
2. N.R.-Not required.
Definitions for table 3 
Weight Data 
Chamber - Bore chamber, uninsulated 
Chamber assembly - Chamber, insulation, TDI, balance weight (unit 0 . 81 includes thermocouples) 
Nozzle assembly - Nozzle, diaphragm, balance weight (unit Q-8T includes thermocouples) 
Miscellaneous - Nozzle 0-ring, 36 screws, 36 washers and forward cop 
Igniter basket - Basket and internal parts 
Safe/arm assembly - Safe/arm device, including igniter nut, harness, two squibs, and three 0-rings 
Ignition assembly - Safe/arm assembly with igniter basket 
Motor assembly - Chamber assembly, nozzle assembly, propellant, and miscellaneous 
Total weight expended - Weight loss from motor and ignition assemblies 
Inert weight expended - Weight lost from chamber, nozzle, and ignition assemblies 
Measurement Data 
Center of gravity - Referenced from face of motor attachment skirt 
Pitch moment of inertia - Referenced at motor center of gravity 
Leak check - Total pressure drop in	 1 h from initial pressure of 15 psig
vector to be colinear with the spacecraft spin axis. The 
following requirements were then written by GSFC into 
the specifications for the apogee motor. The slope of the 
thrust vector (the line connecting the centroids of the 
nozzle throat and exit areas) may not deviate from, nor 
misalign with, the spin axis by more than 0.001 in/in. 
Further, when the measured thrust vector is projected 
to intersect the plane of the motor-spacecraft attachment 
ring, the vector may not deviate from, nor be offset to, 
the plane center by more than 0.030 in. The chamber and 
nozzle were designed to the above requirements, such 
that if all component tolerances were maximum and 
additive, the specification limits would not be exceeded. 
A dimensional analysis of the chamber and nozzle draw-
ings, with consideration of the worst-case conditions, 
indicated a maximum possible thrust misalignment of 
0.0009 in./in. and an offset of 0.027 in. 
The qualification motors, with the exception of Q-8T 
and Q-5T, were subjected to a prefire and postfire align-
ment inspection (see Table 3). The postfire inspections of 
Q-8T and Q-5T were not performed because the nozzles
were removed after each static test voiding the alignment 
data. To measure the alignment of the motor assembly, 
it is placed in a precision fixture on a rotating table. 
Figure 10 shows how the motor is mounted and defines 
the inspection positions. 
VI. Instrumentation 
Instrumentation for this program measured the follow-
ing test parameters: 
(1) Axial force. 
(2) Motor chamber pressure. 
(3) Igniter pressure. 
(4) Test cell pressure. 
(5) Nozzle and motor case temperature (2 units). 
(6) Spin rate. 
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4-I 
Fig. 10. ATS motor assembly alignment inspection 
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The axial force was measured by two 10-ku dual-
bridge load cells. These load cells were calibrated both 
at atmospheric and simulated altitude conditions. Motor 
chamber and igniter pressures were measured through 
special pressure taps installed into the safe/arm device 
(Fig. 11). These taps provided two independent measure-
ments to be made of the motor chamber pressure and a 
single measurement of the igniter pressure. An additional 
low-range pressure transducer (10 to 15 psia) was pro-
vided to monitor the motor chuffs following motor main 
tailoff. The test cell pressure was measured using four 
0- to 1-psia pressure transducers. Chromel-alumel ther-
mocouples were provided (locations shown in Fig. 12) to
monitor temperatures experienced by the motor case and 
nozzle. 
Because of the test's spinning mode, a 50-channel slip-
ring was used to direct the output signal of the trans-
ducer to the recording equipment. The output of each 
pressure transducer and load cell was conditioned through 
a millivolt-to-frequency converter and then recorded on 
magnetic tape. Selected channels were recorded on a 
galvanometer-type oscillograph and a high-sampling-rate 
digital system. The signal from each thermocouple was 
directed into a digital millivoltmeter and then onto mag-
netic tape. All the instrumentation measuring systems 
Fig. 11. Safe/arm device with cover plate removed 
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B-I 
B-
A-7 
Fig. 12. Thermocouple placement for tests 0-5T and 0-8T 
used during these tests were calibrated at AEDC, and 
stated accuracies can be found in Ref. 7. 
VII Test Operations and Procedures 
A flow diagram (Fig. 13) outlines the procedures for 
motor preparation during the qualification program. The 
JPL visual inspection of all units, following receipt at 
AEDC, indicated no damage with each unit then being 
scheduled for radiographic inspection. AEDC requires 
that every motor tested at their facility be X-rayed and
certified for testing by their personnel. This secondary 
radiographic inspection confirms the JPL X-ray report 
and identifies any problems that may have occurred due 
to shipping. The AEDC radiographic inspections con-
firmed the units acceptable for static testing. 
The Hi-Shear PC-37 squibs, supplied by HDL, were 
evaluated upon arrival at AEDC and found acceptable 
for static testing. The assignment of each squib and its 
prefire resistance (measured at AEDC) are given in 
Table 4. Evaluation of the ten safe/arm devices, also 
Table 4. ATS squib resistance measurements 
Motor 
code	 -
Safe/arm 
serial number
Squib 
port number
Squib 
serial number
Squib 
resistance, 0 
Q-8T	 - 16 1 37929 1.19 
2 37890 1.16 
0-6T	 - 17 1 37918 1.21 
2 37924 1.20 
Q.21 13 -	 1 37910 1.15 
• 2 37905 1.30 
0-41 15 1 37926 1.14 
2 37884 1.21 
0-51 18 1 37896 1.19 
2 37919 1.20 
0-71 10 1 37920 1.28 
•
•	 2 37923 1.20 
0. 11 11 1 37886 1.23 
2 37889 1.20 
0-31 •	 14 1 37915 1.23 
2 37891 1.24
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supplied by HDL, revealed that two units were not suit-
able for testing. These two devices were returned to 
HDL, repaired, and subsequently returned to AEDC as 
backup units. The igniter components were assembled 
according to the flow diagram (Fig. 10) with various 
pressure checks being used to evaluate the component 
0-ring seals. After each igniter was assembled, it was 
installed into its assigned motor and a final leak check 
of the motor assembly was performed. Details used to 
prepare a motor for a static test are given in JPL Standard 
Operating Procedures (SOP) as noted in Fig. 10. 
During past AEDC motor tests, the ATS motor, after 
being prepared, was transported to the test cell in the
vertical position. At the test site, the JPL rotating han-
dling fixture was used to position the motor assembly to 
the horizontal, after which it was lifted and lowered into 
the cell. For this current series of tests, the motors were 
prepared at a remote facility. The units were transported 
to the test cell on special pallets which positioned the 
motors horizontally, allowed them to be lifted by fork lift, 
and transported by truck. The congestion and the time 
required at the test cell to install a motor were greatly 
reduced because of the pallets. A completed unit, 
strapped to its pallet, is shown in Fig. 14. 
The first four units, tested at a temperature of 100°F, 
were conditioned as shown in Fig. 15. Two motors could 
Fig. 14. Apogee motor installed on transportation pallet 
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'I 
I	 I 
Fig. 15. Apogee motor in 100° F temperature-

conditioning box 
Fig. 16. Apogee motor in 40°F temperature-

conditioning box
he in the box at one time. As each motor was 
r&rnoved for testing another unit was installed, thus 
allowing each motor to be conditioned at the prescribed 
tcmperature for at least 72 h. Motors conditioned at 
I() F were mounted vertically in the bottom of the ship-
pin g
 containers and loaded into a separate temperature 
)nditioning box as shown in Fig. 16. When a 40°F unit 
as ready for testing, it was removed from conditioning, 
tken to the remote preparation facility, removed from 
lie bottom portion of the shipping container, rotated 
to the horizontal position, installed on a pallet, and then 
tTansported to the test cell. Each motor, covered by a 
thermal blanket, was transported to the test cell by truck. 
llie transit time from removal of any unit from its tem-
perature conditioning box until it was lowered into the 
test cell was approximately 1 h. 
Since the test cell (T-3) had temperature conditioning 
(apabilities, it was preconditioned to the test tempera-
tiire (40 or 100°F) approximately 12 h before motor 
ii istallation. 
The motor was cantilevered to the spin stand by the 
motor's head-end handling fixture (see Fig. 17). The 
motor's center line was axially aligned with respect to 
the spin axis by rotating the motor and measuring the 
deflection of the flange surfaces A-5 and B-5 (Fig. 10). 
All units were installed so that the motor's center line 
was within 0.004 in. of the spin axis. The required instru-
centation connections were made, and the assembly was 
danced at a rotational speed of 100 rev/mm. The noz-
Ic entrance closure was punctured, the safe/arm device 
as armed, and a continuity check of all electrical sys-
ins was performed. Following sea-level calibrations, the 
st cell pressure was reduced to the simulated altitude 
iditions and the motor was then spun to 100 rev/mm. 
ter motor spinning had stabilized, altitude calibrations 
se crc then taken. Prior to firing the motor, the squib cir-
cuit resistance was adjusted to provide a total of 10 A 
(5 A/squib) to the ignition system. The entire AEDC in-
strumentation measuring-recording system was activated, 
and the motor was fired while spinning at 100 rev/mm. 
The spinning of each motor continued for approximately 
45 min following motor burnout during which time post-
fire altitude calibrations were taken. Postfire calibrations 
were again taken after the motor assembly had stopped 
spinning and the test cell pressure had returned to 
ambient conditions. 
With the exception of the first static test (Q-8T), all 
motors were given an initial, visual, postfire inspection 
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Fig. 17. Typical motor installation in spin test stand of test cell 1-3 
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while still in the test cell. The motors were then removed 
from the test cell and returned to the motor preparation 
area where postflre weights and measurements were per-
formed. Following the test of Q-8T, the nozzle was 
removed from the motor chamber while the unit was 
still installed in the test stand. This procedure allowed 
the submerged section of the nozzle and the chamber 
insulation to be inspected prior to any postfire handling. 
After each motor had been tested and inspected, it was 
prepared for shipment hack to JPL.
VIII. Test Results and Evaluation 
A. Motor Hardware 
As previously mentioned, following the static test of 
Q-8T, the nozzle was removed from the motor case while 
the motor assembly was still installed in the test stand. 
This procedure did result in the loss of nozzle postfire 
alignment data for one unit but was justified since the 
remaining seven motors yielded excellent postfire align-
ment data. Figure 18 shows the motor case insulation as 
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photographed through the nozzle end opening. The insu-
lation material was distributed around the entire motor 
case. Much of the inner layers of material had been 
charred and blistered with pieces breaking off and col-
lecting at the bottom of the chamber. Several small bare 
spots indicated places where insulation had come com-
pletely away from the metal case. 
A detailed inspection of the submerged section of the 
nozzle indicated the usual smooth and clean condition 
of the nozzle insert which is characteristic of a spinning 
motor test. The texture of the residue collected on the
submerged portion (shown in Fig. 19) was powdery in 
nature. 
The results of these postfire inspections indicated that 
the motor insulation and the submerged section and the 
exit cone of the nozzle were in excellent shape. The 
throat erosion was uniform and approximately 1.5% 
based on the nozzle throat area. 
The internal surface of the nozzle exit cone shows 
some postfire delamination of the nozzle material which 
is characteristic following the heat-soak period of a full 
NOZZLE SUBMERGED 
SECTION 
L NOZZLE GRAPHITE I	 THROAT INSERT 
Fig. 19. Postfire condition of nozzle submerged section 
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duration test. Approximately 3 to 4 in. upstream of the 
nozzle exit plane, a buildup of condensable material 
was deposited (Fig. 20). This condition has existed on 
all tests in which a full-flowing nozzle is used.
Additional postflre evaluation of all the motor compo-
nents was performed at JPL. Each motor component was 
removed, inspected, and weighed. The postfire evalu-
ation of each safe/arm device revealed all units to be 
.,-
; •;9;, 
44^
-	 . 
- 
\	 . 
/0. / /	 4 / /
Fig. 20. Postfire condition of nozzle exit cone 
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POP 
operable. Figure 21 shows the postfire condition of a 
typical safe/arm device. Upon removal of some squibs, 
it was noticed that portions of the squib thread had been 
eroded (Fig. 22). This condition had not been observed 
on previous ATS motor tests. 
Because of the lack of available slip rings, only selected 
thermocouples installed on the motor case were used.
Figure 4 illustrates the designation and approximate 
location of those thermocouples used during the tests 
of Q-8T and Q-5T. During the test of Q-8T (motor condi-
tioning temperature of 100°F) thermocouple R-5 became 
unbonded, caught hold of the spin stand, and ripped 
many thermocouples from the motor nozzle and case. 
Data from these thermocouples were voided approxi-
mately 40 s after motor ignition. No problem with 
9 
6 
INCHES 
Fig. 21. Safe/arm device postfire condition 
Fig. 22. Postfire condition of PC-37 squibs 
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thermocouples were encountered during the test of Q-5T 
(motor conditioning temperature of 40°F). Temperature 
data, recorded during the test of Q-5T and for 300 s 
following motor ignition, are presented in Fig. 23. Ther-
mocouples A-6 and B-8 compare temperature data be-
tween tests Q-8T and Q-5T. This data is presented in 
Fig. 24. 
In summary, temperature data (Q-5T) shows that at 
motor burnout case temperatures had not exceeded 
270°F. During the motor heat period, following motor 
burnout, motor case peak temperatures were in a range
of 490 to 715'F. A peak nozzle temperature of approxi-
mately 1100°F was recorded by thermocouple R-5 at 70 s 
following motor ignition. 
B. Motor Performance 
Evaluation of motor performance is based on measured 
thrust and motor chamber pressure parameters. Figures 
25 and 26 show the results of thrust and motor chamber 
pressure measurements recorded at 40 and 100°F. These 
data are typical of each motor tested. Because of the 
tubular core configuration, the pressure and thrust time 
curves are progressive and rapidly terminate at tailoff. 
600 fr/JJLIHJ 
40C___ ______ 
I/ 
MOTOR BURN TIME 
1600 
40C 
20C
URN TIME 
oo 
)OO
Cc) 
oc
P4 
:: _____ 
-U 
C' ____________________________________ 
MOT0R BU
	 TIME
U	 JU	 IUU	 IU	 C.,U	 CDV	 DUU 
TIME,s
TIMEs 
Fig. 23. Thermocouple data—test Q-5T (40°F) 
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Fig. 24. Thermocouple data—comparison tests 0-8T(01)

and 0-5T(05) 
To compare motor operating characteristics with propel-
lant grain conditioning temperatures, a plot showing the 
motor chamber pressure time curves for Q-8T (100°F) 
and Q-5T (40°F) is given in Fig. 27. This plot shows that
the peak motor pressures differ by approximately 13 psia 
and that the 40°F test (Q-5T) burns approximately 1.0 s 
longer. 
For evaluating the motor's ignition characteristics, 
measurements of the internal igniter pressures were re-
corded. A visual summary of ignition data is presented 
by reproducing the initial oscillograph recordings made 
during each test (Fig. 28). In addition to the analog igni-
tion traces, values recorded during the ignition phase, 
such as peak motor and igniter pressures, are tabulated 
in Table 5. 
An evaluation to determine the reproducibility of 
motor tailoff characteristics was made for the qualifica-
tion units. As shown in Fig. 29, all units tested at 40°F 
resulted in a total time variation (between Q-6T and 
Q-8T) of approximately 0.5 s. All motors tested at 100°F, 
with the exception of Q-3T, show almost identical tailoff 
characteristics. 
Following pressure tailoff, each pressure-time curve is 
characterized by several small chuffs. An attempted cor-
relation of these chuffs, as to number and magnitude 
with respect to motor-grain alignment and motor condi-
tioning temperature, resulted in no reasonable or direct 
agreement. The chuffs, as recorded for each motor, are 
presented in Fig. 30. 
Table 6 lists the important performance parameters for 
the ATS apogee motor. Nomenclature and methods used 
to calculate these values are presented in the Appendix. 
U-
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Table 5. ATS apogee motor ignition data summarya 
Motor	 Run	 Igniter	 Test 
code	 No.	 No.	 date
Temperature, 
'F
I'D, 
ms
tM, 
ms
tJ 
ms
t/, 
ma
tLm 
ma
fD, 
ma
Pli, 
psia
'm'	 P,slart, 
palo	 palo 
Q-8T	 1	 QIG-8	 7/29/66 100 4 33 37 11 48 28 1693 250	 101 
0-61	 2	 QIG-6	 8/ 3/66 100 3 31 34 9 43 23 1874 257	 101 
0-21	 3	 QIG-2	 8/ 5/66 100 3 32 35 10 45 28 1923 250	 100 
0-41	 4	 QIG-4	 8/ 9/66 100 1 39 40 5 45 23 1879 272	 100 
Q-5T	 5	 QIG-5	 8/15/66 40 2 42 44 9 53 25 1215 234	 102 
0-71	 6	 010-7	 8/18/66 40 2 34 36 12 48 25 1821 221	 101 
0-11	 7	 010-i	 8/19/66 40 2 41 43 11 54 33 1362 213	 101 
0-31	 8	 QIG-3	 8/23/66 40 3 37 1	 40 1	 10 1	 50 1	 28 1	 1578 1	 230	 100 
'See Fig. A-i	 for ignition	 events index.
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Table 6. ATS apogee motor qualification data summary' 
Data 0-8T 0-6T 0-2T Q-4T 0-5T 0-7T 0-1T 0-3T 
Test Conditions 
Motor firing order 1 2 3 4 5 6 7 8 
Test date 7/29/66 8/3/66 8/5/66 8/9/66 8/15/66 8/18/66 8/19/66 8/23/66 
AEDC altitude chamber T-3 T-3 T-3 T-3 T-3 1-3 T-3 1-3 
Average test altitude, ft 104,000 106,000 105,000 104,000 104,000 103,000 104,000 107,000 
Motor conditioning temperature, 	 F 100 100 100 100 40 40 40 40 
Time Data 
Igniter delay time, tD, ms 4 3 3 1 2 2 2 3 
Motor delay time, tDm ms 28 23 28 23 25 25 33 28 
Motor action time, ta, s 41.92 41.85 42.35 42.02 43.33 43.03 43.27 43.61 
Pressure data 
Igniter ignition peak pressure, P1 , psia 1693 1874 1923 1879 1215 1821 1362 1578 
Motor chamber ignition peak pressure, Pi, psia 250 257 250 272 234 221 213 230 
Motor chamber starting pressure, Pest art, psia 101 101 100 100 102 101 101 100 
Motor chamber run peak pressure, Ppeok, psia 264.2 262.2 259.8 262.8 251.6 255.7 250.5 248.2
tr 
Chamber pressure integral, 	 P	 dt, psia. s 8909.6 8904.5 8925.8 8924.5 8891.1 8900.1 8876.6 8897.1 
J to 
Characteristic velocity, W' BAR, ft/s 4974.3 4986.0 4983.4 4985.2 4965.5 4967.3 4955.4 4960.2 
Thrust Data 
Run peak vacuum thrust, F,,,, peak, lbf 6397 6362 6279 6355 6074 6180 6065 6012 
Vacuum total impulse, I.,,,, lbf-sec 213,957 214,119 213,860 214,021 213,087 213,533 213,189 213,797 
Vacuum specific impulse, I,, vac, (based on JPI 281.52 281.92 281.51 281.61 280.78 281.19 280.81 281.02 
loaded W5), lbf-sec/lbm 
Vacuum specific impulse, I,p vac (based on AEDC 278.22 278.40 278.15 278.26 277.66 277.78 277.55 277.71 
weight difference), lbf-sec/ ibm 
'See Figs. A-i and A-2 and Appendix for definition of performance parameters.
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Fig. 25. Vacuum thrust—chamber pressure measurements for test 0-5T (40°F) 
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Fig. 26. Vacuum thrust—chamber pressure—test cell pressure measurements for test 0-8T (100°F) 
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Fig. 27. Pressure measurement comparison plot for tests 0-8T (100 0 F) and 0-5T (400F) 
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Fig. 30. Tailoff conditions of motor chamber pressure 
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The calculated values of I vac are plotted as a func-
tion of motor conditioning temperatures (Fig. 31). The 
solid line is a linear curve fit of all data points. Since the 
data presented in Fig. 31 is calculated using the JPL 
loaded propellant weight, certain corrections are made 
to the data before the I vac values are used for flight 
input data. The main consideration made to the data 
concerns the loss of inert and igniter material during 
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Fig. 31. Vacuum specific impulse vs motor temperature
motor operation. Based on motor postfire conditions and 
the amount of material used in the igniter, it has been 
estimated that approximately 6.0 ibm of material is lost 
during motor burn, and approximately 3.0 ibm addi-
tional is lost during the heat-soak period. Based on these 
evaluations, the change in spacecraft velocity (V) is 
calculated by the following expression: 
AV = g 
"d vac ln	
WI 
, -	 - 
where
= initial total spacecraft weight at ignition of 
apogee unit 
W = loaded propellant weight 
W0 = inerts lost during motor operation (6.0 Ibm) 
LPdvac = a degraded specific impulse calculated by 
adding W0 to W before dividing into the 
total vacuum impulse. 
The AV calculation, based on AEDC qualification data, 
indicated that the JPL SR-28-3 flight motor (Z-2) would 
impart a velocity increment of 6149.9 ft/s to the ATS-B 
spacecraft. ATS-B flight data resulted in a velocity incre-
ment of 6156.7 ft/s or a 6.8-ft/s excess from the predicted 
value. 
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Appendix
ATS Apogee Motor Parameter Definitions 
(1)	 t0 = zero time, or time at which current is applied to squib (Figs. A-i 
and A-2), s 
(2)	 tD = the delay time from t0 until the first indication of squib pres-
sure is seen (Fig. A-i), ms 
(3)	 t11 = the time from t0 until peak igniter pressure is seen (Fig. A-i). 
(4)	 t1,, = the time from t0 until peak chamber ignition pressure is seen; 
this is not the same as peak run pressure (Fig. A-i), ms 
(5)	 t the time difference between peak igniter basket pressure (P1) 
and peak chamber ignition pressure (P101 ) (Fig. A-i), ms 
(6)	 t = the time from initial squib pressure until peak igniter basket 
pressure; the total igniter reaction time (Fig. A-i), ms 
(7)	 tD 0 the delay time from t0 until the first indication of motor cham-
ber pressure (Fig. A-i), ms 
(8)	 P1 = peak pressure of igniter basket during ignition phase (Fig. A-i), 
psia 
(9)	 P1 = peak pressure of motor chamber during ignition phase (Figs. 
A-i and A-2), psia 
(iO)	 P start = motor chamber starting pressure (Fig. A-i), psia 
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(11) Pc peak = motor chamber peak pressure (excluding ignition phase) (Fig. 
A-2), psia 
(12) to = action time is the time period between the time the motor 
chamber pressure has reached 10% of its run peak value 
(P peak) at ignition until it has decreased to 10% of the run 
peak value during motor tailoff (Fig. A-2), s 
(13) tr = run time is the time period between the application of electri-
cal current to the squib (t0) until the motor chamber pressure 
has returned to ambient conditions following motor tailoff 
(Fig. A-2), s 
(14)f Pdt = motor chamber pressure integral, psia-s 
(15) W* BAR = characteristic velocity, ft/s 
r 
= g0A,(ave) / t, P, dt
wp	 j,0 
where
g0 = gravitational constant 
(32.14 lbmft/lbfsec2) 
A t (aye) = average nozzle throat area (based on prefire and postfire mea-
surements) 
W,, loaded propellant weight 
to = zero time (item 1) 
tr run time (item 13) 
(16) F peak	 peak vacuum thrust, measured at the same time as P peak, lbf 
Fvac peak = Fmea + A0 P011 
where
Fmea measured thrust 
A0 = nozzle exit area (initial) 
Pceil	 cell pressure at time Fmea is maximum. 
(17) Evaluation of the total vacuum impulse (I) must be corrected because of 
diffuser flow breakdown occurring during motor taioff. For impulse data 
following flow breakdown (t1 ), a calculated nozzle vacuum thrust coeffi-
cient (CF vac) is used. This CF vac value is calculated approximately 1.0 s 
prior to flow breakdown by the following expression: 
Iti	 Iti 
I Fn,ea dt + A6	 PceIi dt 
Jt i -i 	 Jti-i C,vac=	 (ii 
	
A t final	 P0dt 
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(18) •Using the calculated CF vac value, the total vacuum impulse	 is calcu-
lated by the following expression: 
I'll 
IVa,,	 / Frnea dt + Aeftpceit dt + C vac A final [ p dt 
it0	 it,  
(19) I,, vac	 = vacuum specific impulse, Ibf-s/lbm 
I,,, vac = vac 
WP 
where
W = either the JPL loaded propellant weight or the AEDC weight 
difference between the prefire and postfire measurements. 
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